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I.  Summary 

During  the  past  three  years,  the  research  has  focused  on  excitation  techniques  and  kinetic 
schemes  for  producing  new  XUV  and  VUV  coherent  sources.  Three  types  of  excitation  have 
been  explored  including  soft  x-ray  pumping  from  laser-produced  plasmas,  election  beam  pump¬ 
ing,  and  pulsed  jet  discharge  pumping.  Using  the  laser  produced  plasmas,  new  quasimetastable 
states  of  barium  which  radiate  in  the  XUV  have  been  explored  and  new  VUV  radiating 
molecules  have  been  produced.  Electron  beam  pumping  has  also  resulted  in  the  formation  of 
ionic  excimer  molecules  which  radiate  in  the  VUV,  and  considerable  kinetic  studies  were  per¬ 
formed  to  examine  the  feasibility  of  producing  a  VUV  laser  by  this  technique.  This  included 
the  development  of  the  necessary  technology  to  allow  electron  beam  pumping  of  reactive  vapors 
at  -700°  C  and  still  maintaining  compatibility  with  VUV  detection  equipment.  Using  the 
third  excitation  technique,  pulsed  jet  discharge  pumping,  the  formation  of  highly  excited  ions 
from  the  sputtering  of  low  vapor  pressure  materials  used  in  the  pulsed  jet  nozzle  were  studied. 

A  more  detailed  description  of  these  studies  is  given  in  the  following  sections,  as  well  as  in 
the  publications  listed  in  Section  IV.  Some  of  these  excitation  techniques  will  be  studied  further 
under  the  newly  awarded  contract  AFOSR-90-0257. 
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n.  Description  of  Project  Accomplishments 
A .  Laser  -  Produced  Plasma  Excitation  of  Barium  Ions 

Recendy,  it  was  shown  that  the  soft  x-rays  emitted  by  a  laser-produced  plasma  could  be 
used  to  excite  or  photoionize  inner  shell  electrons  in  atoms  [1].  This  work  led  to  the  discovery 
of  a  class  of  core-excited  states  in  alkali-like  atoms  and  ions  which  exhibited  large  radiative 
yields  and  relatively  slow  autoionization  rates.  As  a  result  of  these  slow  autoionization  rates, 
these  states  were  termed  quasimetastable  [2].  Due  to  the  radiative  character  of  these  states,  they 
appear  to  be  attractive  VUV  laser  candidates,  provided  large  enough  densities  of  such  states 
can  be  produced.  Previous  work  on  these  states  has  concentrated  on  the  excitation  of  quasimeta¬ 
stable  states  in  alkalis  using  hot  photoelectrons  generated  by  the  soft  x-rays  from  a  laser- 
produced  plasma  to  collisionally  excite  core  electrons  in  the  alkali  metal  atoms. 

At  Rice  University  VUV  emission  from  Ba*  ions,  which  may  be  due  to  such  quasimeta¬ 
stable  levels,  has  been  investigated.  The  advantage  of  studying  emission  from  the  ions  of 
Column  n  elements  is  that  by  proper  laser  preparation  of  the  neutral  vapor  states,  efficient  pho¬ 
toionization  into  the  desired  quasimetastable  level  can  be  achieved  rather  than  relying  on  elec¬ 
tronic  collisional  excitation. 

To  explore  this  possibility,  barium  was  chosen  as  a  likely  candidate.  Soviet  researchers  had 
previously  observed  intense  emission  at  71.2  nm  from  an  unidentified  core-excited  level  of 
Ba^  using  crossed  electron  and  atomic  beams  [3].  Recently,  we  have  observed  this  line  in  Ba 
vapor  confined  in  a  heatpipe  cell  using  the  soft  x-rays  from  a  -10  ns  long,  Nd:YAG  laser- 
produced  plasma  as  an  excitation  source.  Another  unidentified  VUV  line  at  68.5  nm  was  also 
apparent  in  our  initial  experiments  [4]. 
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In  order  to  understand  the  source  of  these  emissions,  dye  laser  transfer  experiments  have 
been  performed.  The  goal  of  these  experiments  was  to  study  the  relative  emission  at  71.2  nm 
and  68.5  nm  when  ground  state  Ba  atoms  were  photoionized,  in  comparison  to  the  photoioni¬ 
zation  of  Ba  atoms  that  are  first  prepared  in  the  (Sp^  6s  5d)  metastable  levels.  As  shown 
in  Fig.  1,  population  is  moved  from  the  Ba(5p^  6s^)^S0  ground  state  to  the 
Ba{5p^  6s5d)^D  levels.  This  is  accomplished  by  tuning  a  dye  laser  to  791  nm  which 
corresponds  to  the  BaiSp^  6s^)^So  — »  Ba{5p^  6s  6p)^P  transition.  The  population  decays 
from  the  levels  into  the  Ba(5p^  6s  54)^0  levels  which  are  metastable.  Once  these  meta¬ 
stable  levels  are  filled,  the  Nd :  YAG  laser  is  focused  onto  a  tantalum  target  inside  the  Ba  heat- 
pipe  cell,  producing  a  plasma  which  radiates  soft  x-rays.  These  soft  x-rays  efficiendy  remove 
inner  shell  electrons  producing  core-excited  Ba'*’  states.  Inner  shell  electrons  are  preferentially 
removed  due  to  the  high  degree  of  overlap  between  the  wavelength  dependence  of  the  inner  shell 
photoionization  cross  sections  and  the  soft  x-ray  emission  spectrum  from  the  laser-produced 
plasma. 

The  results  of  these  dye  laser  transfer  experiments  are  consistent  with  the  hypothesis  that 
the  68.5  nm  emission  originates  from  the  Ba*i5p^  6s  5d)^F2,2  state  and  that  the  71.2  nm 
line  originates  from  the  Ba^{5p^  5d^)^F-^;2  level.  As  indicated  in  Fig.  1,  only  the  68.5  nm 
emission  was  enhanced  by  the  dye  laser  transfer.  Since  this  transfer  process  would  favor  the  for¬ 
mation  of  the  5p^  6s  5d  configuration  by  the  photoionization  of  a  single  p  electron  from  the 
metastable  Ba{5p^  6s5d)^D  levels,  the  68.5  nm  probably  originates  from  such  a 
configuration.  Both  of  the  preliminary  assignments  correspond  to  levels  satisfying  the  quasi¬ 
metastable  criteria  described  in  Reference  [2]  and,  therefore,  would  be  expected  to  exhibit  high 
radiative  yields  in  the  VUV.  Furthermore,  our  preliminary  identifications  are  consistent  with 
the  predicted  wavelengths  from  a  Dirac -Fock  calculation  in  Reference  [5]: 
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Figure  1;  Schematic  of  Ba*  system.  Population  is  transfeired  to  the  metastable  levels 
of  neutral  Ba  and  then  photoionized  using  the  soft  x-rays  from  a  laser-produced  plasma.  The 
emission  on  the  68.5  nm  line  is  enhanced  relative  to  the  observed  emission  when  ground  state 
Ba  atoms  are  photoionized.  The  71.2  nm  emission  is  unaffected  by  the  transfer  to  the 
levels.  Preliminary  upper  state  assignments  for  the  VUV  emission  are  shown. 


Proposed  transition 

Ba'^iSp^  6s  5d)%,2  Ba^{5p^  5d)^Dy2 

Ba^iSp^  5dYF2J2  ^  Ba\5p^  5d)'^D2a, 


Experiments 

calculation 

67.5  nm  68.5  nm 

72.2  nm  71.2  nm 


Although  these  identifications  are  preliminary,  these  experiments  provide  a  first  step  in  unravel¬ 
ing  the  very  complex  core-excited  manifold  of  Ba*.  In  addition,  the  ability  to  enhance  VU\' 
emission  from  core-excited  states  using  preparation  of  the  initial  state  before  pumping  by  a 
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laser-produced  plasma  demonstrates  that  the  potential  number  of  viable  VUV  laser  transitions 
can  be  increased  by  this  technique. 

To  achieve  gain  in  such  systems,  it  is  important  to  use  a  fast  excitation  source  in  order  to 
create  an  inversion  and  to  minimize  population  loss  through  autoionization.  This  need  to  minim¬ 
ize  autoionizadon  losses  has  recently  been  demonstrated  by  the  realization  of  a  Cs  laser  at 
97  nm  by  electronic  excitation  of  neutral  Cs  to  a  core-excited  state  [6].  In  order  to  observe 
significant  radiative  yield  from  this  core-excited  state,  the  stimulated  emission  rate  must  be  fas¬ 
ter  than  the  autoionization  rate.  To  achieve  this,  picosecond  laser-produced  plasma  pumping 
was  used.  The  need  for  such  ultrafast  laser  plasmas  indicates  that  technologies  must  be 
developed  which  can  produce  very  high  intensity  ultrashort  pulses  if  this  method  is  to  be 
extended  to  x-ray  laser  systems  which  often  have  higher  decay  rates.  To  address  these  needs, 
research  at  Rice  University  is  continuing  on  the  development  of  new  ultrashon  laser  pulse 
amplifiers. 

B.  Production  of  VUV  Radiating  Molecules  by  Laser  Plasma  Excitation 

Previous  investigations  with  laser-produced  plasmas  have  focused  on  photoionizing  or 
exciting  atomic  species  to  produce  VUV  radiation.  Recently,  however,  in  collaboration  with 
Prof.  R.  Sauerbney  at  Rice  University,  we  have  demonstrated  that  reactive  kinetics  can  be  driven 
by  a  laser-produced  plasma  to  produce  radiating  molecules  [7].  Specifically,  laser-produced 
plasma  excitation  has  been  used  to  produce  fluorescence  from  the  well-known  XeF  excimer  at 
351  nm  and  from  a  new  ionic  excimer  {XeRb)*  at  165  nm. 

The  apparatus  used  in  this  work  is  shown  in  Fig.  2  [7].  The  output  of  an  oscillator- 
amplifier  injection-controlled  KrF  laser  was  focused  onto  a  Ta  target  inside  a  stainless-steel 
oven.  The  soft  x-rays  emitted  from  the  laser-produced  plasma  photoionize  the  surrounding  gas 
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Figure  2:  Experimental  setup.  A  focused  KrF  excimer  laser  generates  a  plasma  on  a  Ta 
target  inside  a  heated  cell.  The  soft  x-rays  emitted  from  the  plasma  photoionized  the  surround¬ 
ing  vapor,  leading  to  the  formation  of  excimer  or  ionic  cxcimer  species. 


or  vapor,  leading  to  the  formation  of  molecules.  The  oven,  capable  of  producing  Rb  vapor 
with  a  pressure  as  high  as  10  Torr,  was  configured  as  a  crossed-arm  cell  that  permitted  viewing 
of  the  target  region  perpendicular  to  the  direction  of  the  focused  KrF  laser  beam.  The  Ta 
target  was  heated  to  prevent  condensation  of  Rb  upon  the  surface  and  was  rotated  to  provide  a 
new  surface  for  successive  laser  shots.  The  KrF  laser  provided  a  750  mJ  pulse  with  a  dura¬ 
tion  of  30  nsec  in  a  1.5  cm  x  3  cm  rectangular  mode  at  a  repetition  rate  of  2  Hz.  When  a  lens 
with  a  focal  length  of  22.5  cm  at  248  nm  was  used,  the  intensity  on  the  target  was  approxi¬ 
mately  5  X  10^°  W/cm^. 

A  10  cm  focal-length  CaF2  or  MgF2  lens  was  used  to  collect  the  fluorescence  from  the 
interaction  zone  and  to  focus  it  onto  the  entrance  slit  of  a  0.2  m  VUV  spectrometer.  The  Ta 
target  was  located  approximately  0.5  cm  from  the  optical  axis  of  the  spectrometer.  A  pho¬ 
tomultiplier  tube  equipped  with  a  sodium  salicylate  scintillator  provided  time-resolved  fluores¬ 
cence  data  in  conjunction  with  a  high-speed  storage  scope.  The  measured  rise  time  of  this 
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detection  system  was  approximately  5  nsec.  Time-averaged  spectra  were  obtained  by  using  a 
boxcar  integrator  with  a  50  nsec  gate  to  discriminate  against  recombination  radiation  from  the 
Ta  plasma,  which  appeared  approximately  200  nsec  after  the  laser  pulse  [7]. 

The  fluorescence  of  (XeRb)*  as  a  function  of  Rb  pressure  which  was  measured  using  this 
apparatus  is  shown  in  Fig.  3.  This  is  the  first  reported  observation  of  molecular  formation  firom 
constituent  atomic  species  as  a  result  of  laser-plasma  pumping. 

The  significance  of  this  result  is  that  new  approaches  to  the  production  of  VUV  and  XUV 
lasers  utilizing  reactive  kinetics  in  laser-produced  plasmas  can  now  be  explored.  Such 
approaches  include  new  excimer  lasers  [8,9]  and  photodissociation  of  molecules  into  desired 


Figure  3:  Time-integrated  fluorescence  from  {XeRb)*  for  different  pressures  of  Rb  at  76 
Torr  of  Xe. 
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target  species  followed  by  soft  x-ray  excitation.  The  second  of  these  approaches  may  be  desir¬ 
able  if  the  target  state  can  be  produced  by  molecular  photodissociation,  as  opposed  to  utilizing 
an  atomic  vapor  which  may  be  absorbing  at  the  desired  radiation  wavelength  or  difficult  to  pro¬ 
duce  due  to  temperature  limitations. 

C.  Electron  Beam  Excitation  of  Rare  Gas-Alkali  loiuc  Molecules 

In  order  to  further  explore  the  feasibility  of  producing  lasers  with  new  ionic  molecules  such 
as  {XeRby,  electron  beam  excitation  was  investigated  as  a  possible  pumping  mechanism.  Elec¬ 
tron  beam  pumping  offers  the  advantage  of  operating  at  high  pressures  allowing  significant 
molecular  formation,  and  in  addition,  this  type  of  excitation  provides  long  active  lengths  of 
10  cm  or  more. 

In  order  to  use  this  technique  of  pumping,  however,  a  heated  alkali-compatible  electron 
beam  cell  had  to  be  developed  [10].  Other  excitation  techniques  such  as  laser-produced  plasmas 
and  electrical  discharges  have  relied  largely  on  conventional  heatpipe  technology  which  pro¬ 
duces  a  well-defined  vapor  column  at  typically  a  few  Torr  of  pressure;  however,  electron  beam 
excitation,  using  MeV  electrons,  requires  high  pressure  buffer  gases  to  effectively  absorb  the 
delivered  energy  in  a  small  volume.  The  experimental  apparatus  cannot  rely,  therefore,  on  heat- 
pipe  technology  since,  generally,  a  high  pressure  of  a  noble  gas  such  as  Ar  must  be  added  to 
the  few  Torr  of  the  active  medium  in  order  to  absorb  the  electron  beam  energy.  Previous  heated 
electron  beam  cells  have  been  designed  for  operation  with  dye  vapors  and  metals  for  visible  or 
near  UV  wavelengths  and  have  been  limited  to  temperatures  of  600°  C  or  less  [11,12].  The 
cell  design  developed  for  this  research,  shown  in  Fig.  4,  can  operate  up  to  750°  C  with  over 
700  shots  before  changing  foils.  To  further  enhance  the  deposited  pump  energy  density  in  the 
cell,  a  large  magnet  has  been  constructed  to  surround  the  electron  beam  apparatus.  This  magnet 
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eUCTRON  BEAM  UACHINC  HCATEO  CCU. 
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Figure  4:  Cross-sectional  view  of  heated  cell  and  electron  beam  cathode.  Heated  cell  is  sealed 
with  Iconel  foil,  and  the  cathode  region  is  sealed  with  titanium  foil.  The  small  air  gap  acts  as  a 
thermal  insulator. 

produces  a  quasi-D.C.  magnetic  field  of  approximately  3  kilo-Gauss  to  prevent  spreading  of  the 
electron  beam.  Fig.  5  shows  the  newly  developed  cell  attached  to  the  VUV  diagnostics  used 
during  the  experiments.  Windowless  VUV  techniques  have  also  been  developed  over  the 
course  of  this  research  to  study  the  radiation  of  species  which  emit  below  the  cut-off  of  LiF 
windows. 

Using  this  experimental  set-up,  in  collaboration  with  Prof.  R.  Sauerbrey,  we  have  success¬ 
fully  demonstrated  electron  beam  excitation  of  both  (XeRb)'*'  and  {XeCs)^  [13].  {XeRb)*  is 
found  to  radiate  at  164  nm  and  (XiCs')*  radiates  at  160  nm.  The  fluorescence  spectrum  for 
{XeRbt  is  shown  in  Fig.  6.  Preliminary  identification  of  the  electronic  transitions  correspond- 
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Figure  5:  Top  view  of  heated  cell,  VUV  detection  apparatus,  and  electron  beam  machine. 
The  dye  laser  or  white-light  source  can  be  used  to  measure  population  densities  in  the  hot  vapor. 

ing  to  the  three  peaks  of  Fig.  6  have  also  been  assigned  [13].  Fig.  7  shows  the  simple  exponen¬ 
tial  behavior  of  the  fluorescence  decay  of  (XeCr)"^.  By  fitting  the  temporal  behavior  of  the 
fluorescence  emission  from  (XeCs)*'  and  (XeRbT',  preliminary  values  of  the  dominant  kinetic 
coefficients  have  been  determined  [7].  Since  the  emission  from  the  {XeCs)^  molecule  is  com¬ 
parable  to  that  of  Xe2  ,  we  feel  that  this  species  is  a  very  viable  laser  candidate.  Work  is  con¬ 
tinuing  on  this  system. 


D.  Pulsed  Jet  Discharge  Excitation 


Recently,  a  high  voltage,  high  current  discharge  through  a  pulsed  supersonically  expanding 
gas  has  been  reported  as  a  potential  VUV  laser  excitation  mechanism  [14].  These  discharges 
arc  designed  with  an  electrode  immediately  behind  the  orifice  of  a  pulsed  jet  with  a  grounded 
wire  mesh  located  about  1.5  cm  below  the  nozzle  orifice.  This  arrangement  achieves  high 
peak  currents  and  a  very  high  current  density  since  the  discharge  is  confined  to  the  small  area  of 
the  nozzle  orifice.  This  approach  differs  from  other  recent  work  [15-20]  in  that  the  discharge 
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Figure  6:  {XeRbY  fluorescence  spectrum  resulting  from  an  electron  beam  excited  mixture  of 
ArIXelRb .  The  resolution  is  0.8  nm.  Each  date  point  corresponds  to  an  individual  electron 
beam  shot.  The  solid  line  is  for  presentation  purposes. 


Figure  7:  Temporal  behavior  of  the  VUV  fluorescence  of  {XeCsY'  at  160  nm.  The  upper 
plot  of  the  emission  displays  the  logarithm  of  the  observed  temporal  profile.  The  line  fitted 
through  this  plot  results  from  a  single  exponential  decay  with  an  effective  decay  time  x. 
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duration  is  short  (-100  ns),  and  currents  in  excess  of  1  KA  axe  employed. 

Although  the  initial  design  and  operation  of  these  discharges  with  Ar  was  outlined  in 
Ref.  14,  the  characterization  of  this  device  with  respect  to  nozzle  design,  gas  parameters,  and 
discharge  •  hiient  was  incomplete.  At  Rice  University  the  visible  ultraviolet  and  vacuum  ultra¬ 
violet  (VUV)  emission  spectra  resulting  from  the  gas  in  the  pulsed  nozzle  as  well  as  from  the 
spui'^red  material  from  the  nozzle  itself  have  been  investigated  [21]. 

A  schematic  of  the  pulsed  jet  discharge  system  is  shown  in  Figure  8.  A  pulsed  valve  (Gen¬ 
eral  Valve)  is  located  on  top  of  the  nozzle  assembly  and  sends  a  short  (=*1  ms)  pulse  of  gas 
through  the  orifice  of  the  nozzle  into  the  vacuum  chamber.  While  the  gas  expands  through  the 
nozzle,  a  discharge  through  the  nozzle  towards  the  grounded  grid  is  initiated.  The  back  pressure 
on  the  valve  was  maintained  at  about  3  atm.  The  gases  studied  included  He,  Ni,  He,  Ar, 
Kr,  Xe,  NF^ ,  and  SF^ .  A  turbo  pump  backed  by  a  rotary  vane  roughing  pump  restored  the 


Figures:  Schematic  of  the  pulsed  jet  discharge  and  the  VUV  detection  apparatus. 
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background  pressure  in  the  cell  to  a  few  times  10"^  Torr  between  pulses  when  the  discharge 
was  operated  at  low  repetition  rates  (1-2  Hz).  The  tungsten  electrode  was  situated  about  1.5 
mm  above  the  nozzle  orifice,  and  a  stainless  steel  wire  mesh  located  1.5  cm  below  the  orifice 
served  as  the  ground  plane.  Details  of  the  apparatus  and  the  discharge  circuit  are  given  in  Ref. 
21  (preprint  attached). 

The  nozzle  assembly  was  designed  so  that  the  nozzle  was  interchangeable,  and  a  variety  of 
orifice  diameters  and  nozzle  materials  could  be  studied.  The  nozzle  orifices  ranged  from  250 
to  500  pm  in  diameter.  Materials  used  for  the  nozzles  included  Macor,  a  machinable  ceramic, 
sapphire,  glass,  carbon,  Delrin,  and  PVC.  The  nozzles  were  designed  to  give  a  supersonic 
expansion  and  to  optimize  the  production  and  cooling  of  molecular  radicals  and  ions  [18].  All  of 
the  nozzles  made  from  machinable  materials  and  the  sapphire  nozzles  had  a  45°  half  angle 
above  the  nozzle  orifice  on  the  high  pressure  side,  and  a  90°  half  angle  on  the  vacuum  side.  The 
glass  nozzles  were  made  from  glass  tubing  which  was  heated  and  tapered  at  approximately  a 
45°  half  angle  until  the  orifice  was  about  500  p.  Photographs  of  the  discharge  indicated  the 
presence  of  a  Mach  disk  about  1  cm  below  the  nozzle. 

Spectroscopic  studies  were  performed  with  a  scanning  0.2  m  VUV  spectrometer  (Acton 
Research  Corp.)  using  a  photomultiplier  with  a  scintillator  as  the  detector  with  a  temporal  reso¬ 
lution  of  ~  10  ns.  The  spectral  resolution  of  the  system  was  approximately  5  A  .  The  optical 
axis  of  the  spectrometer  was  aligned  to  be  approximately  2  mm  below  the  nozzle  orifice, 
corresponding  to  the  point  of  brightest  VUV  fluorescence.  This  was  determined  experimen¬ 
tally  by  measuring  the  fluorescence  intensity  of  several  bright  VUV  lines  as  a  function  of  the 
distance  from  the  nozzle,  with  1  mm  resolution  using  a  movable  sUt.  The  signal  was  averaged 
with  a  boxcar  integrator,  and  the  data  were  stored  and  processed  in  a  computer.  Temporal 
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waveforms  were  obtained  with  a  400  MHz  bandwidth  oscilloscope. 

The  emission  spectra  from  the  pulsed  jet  discharge  were  studied  in  the  wavelength  range 
between  35  nm  and  550  nm  using  different  gas  species  in  the  pulsed  jet  and  a  variety  of  nozzle 
materials.  All  of  the  spectra  presented  here  have  not  been  corrected  for  the  spectral  response  of 
the  detection  system.  With  lighter  gases  such  as  He,  spectra  dominated  by  the  gas  species  were 
obtained.  An  example  of  a  spectrum  obtained  with  He  and  a  nozzle  made  of  Macor  is  shown 
in  Figure  9.  All  of  the  bright  emission  lines  can  be  assigned  to  excited  helium  atoms  and  ions. 
To  obtain  these  spectra,  the  gate  on  the  boxcar  was  set  to  a  width  of  75  ns  and  was  delayed  250 
ns  after  the  peak  of  the  current  pulse.  This  time  window  for  observation  was  chosen  because  the 
spectra  measured  at  various  time  delays  indicated  that  many  spectral  lines  were  more  prominent 
during  this  time  window.  All  bright  emission  lines  can  be  assigned  to  excited  helium  atoms  and 
ions. 


Figure  9;  Emission  spectrum  at  15  KV  charging  voltage,  taken  250  ns  after  the  peak  of  the 
current  pulse,  with  He  as  the  gas  species  and  using  a  Macor  nozzle. 
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With  Ar  and  other  heavier  gases,  however,  the  spectra  obtained  were  quite  different 
While  the  visible  spectrum  obtained  with  Ar  is  dominated  by  lines  from  Ar  II  and  Ar  III ,  the 
VUV  spectrum  is  dominated  by  lines  from  the  sputtered  nozzle  material.  Figure  10  shows  the 
VUV  spectrum  obtained  using  Ar  with  a  sapphire  nozzle.  The  time  window  for  observation 
was  identical  to  that  used  for  the  He  spectrum.  The  dominant  features  are  aluminum  and  oxy¬ 
gen  lines  originating  from  the  sputtering  of  the  sapphire  {Al^  O3 )  nozzle.  Sputtering  is  due  to 
the  effective  momentum  transfer  from  the  gas  ions  to  the  nozzle  material.  Typical  ion  kinetic 
energies  inside  the  nozzle  can  be  estimated  to  be  10  eV  to  several  hundred  eV.  In  this  energy 
range  efficient  sputtering  of  the  nozzle  material  by  heavier  rare  gases  is  expected,  whereas  the 
sputtering  efficiency  of  He  is  low  [22]. 

When  Macor  is  used  as  the  nozzle  material,  the  VUV  spectra  with  the  heavier  gases  are 
dominated  with  Si  and  Al  lines.  An  example  with  Ar  as  the  gas  species  is  shown  in 


Figure  10:  Emission  spectrum  at  17.5  KV  charging  voltage,  taken  250  ns  after  the  peak  of 
the  current  pulse,  with  Ar  as  the  gas  species  and  using  a  sapphire  nozzle. 
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Figure  11.  Macor  has  a  complicated  chemical  composition,  but  some  of  the  major  constituents 
are  Si02  (46%)  and  A/2O3  (16%).  Spectra  obtained  with  glass  nozzles  show  many  of  the 
same  Si  lines.  Spectra  taken  with  carbon,  PVC,  or  Delrin  nozzles  exhibit  strong  carbon  lines. 

The  high  degree  of  excitation  and  ionization  is  a  result  of  the  initial  confinement  of  the 
discharge  to  the  small  orifice  allowing  very  high  current  densities  (~  1  MA/cm  )  to  be  achieved. 
Some  of  the  spectral  lines  which  have  been  identified  as  arising  from  the  sputtering  of  the  nozzle 
material  indicate  the  formation  of  states  as  much  as  45  eV  above  the  ground  state  of  the  neutral 
species.  Such  pulsed  jet  discharges  could  therefore  have  applications  in  spectroscopic  studies  of 
highly  excited  states  of  materials  that  are  difficult  to  evaporate,  or  in  the  development  of 
incoherent  VUV  light  sources  for  other  spectroscopic  investigations. 


Figure  11:  Emission  spectrum  at  15  KV  charging  voltage,  taken  250  ns  after  the  peak  of  the 
current  pulse,  with  Ar  as  the  gas  species  and  using  a  Macor  nozzle. 
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In  Ref.  14,  emission  from  the  excimer  Ar^  around  126  nm  was  reported  using  a  pulsed 
jet  discharge  with  similar  discharge  parameters.  In  the  work  reported  here,  the  region  around 
126  nm  was  extensively  studied  with  various  nozzles  and  at  various  discharge  voltages,  but  no 
evidence  of  emission  from  Ar^  was  detected.  Searches  for  other  excimer  emissions  -  such  as 
Hei ,  Krl ,  ArF ,  KrF ,  and  XeF  -  were  also  performed,  but  no  emission  from  these  species 
in  such  a  high  current  pulsed  jet  discharge  was  observed. 
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Abstract 

Plasmas  from  a  pulsed  jet  discharge  have  been  characterized  with  respect  to  gas  species  and 
nozzle  design.  Spectral  lines  from  the  gas  used  in  the  pulsed  nozzle  are  apparent  in  the  visible 
region.  The  vacuum  ultraviolet  spectrum,  in  particular  for  heavier  gases,  is  dominated  by  emis¬ 
sion  from  species  sputtered  from  the  nozzle.  The  production  of  highly  ionized  and  excited  states 
from  materials  created  by  the  sputtering  of  the  nozzle  has  possible  applications  in  VUV  spec¬ 
troscopy.  By  operating  the  puised  Jet  discharge  at  a  50  Hz  repetition  rate  with  NF^  to  produce 
excited  fluorine  ions,  etch  rates  in  excess  of  10  ^tm/min  have  been  achieved  in  silicon  which 
may  have  applications  to  micromechanics. 
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I.  Introduction 

Recently,  a  high  voltage,  high  current  discharge  through  a  pulsed,  supersonically  expanding 
gas  has  been  reported  as  a  potential  VUV  laser  excitation  mechanism  [1].  These  discharges 
are  designed  with  an  electnxie  immediately  behind  the  orifice  of  a  pulsed  jet  with  a  grounded 
wire  mesh  located  about  1.5  cm  below  the  nozzle  orifice.  Such  an  arrangement  achieves  high 
peak  currents  (-2  KA)  and  a  very  high  current  density  (- 1  MA/cm^)  since  the  discharge  is 
confined  to  the  small  area  of  the  nozzle  orifice.  This  approach  differs  from  other  recent  work 
[2-7]  in  that  the  discharge  duration  is  short  (- 100  ns),  and  currents  in  excess  of  1  KA  are 
employed. 

Although  the  initial  design  and  operation  of  these  discharges  with  Ar  was  outlined  in 
Ref.  1,  the  characterization  of  such  a  device  with  respect  to  nozzle  design,  gas  parameters,  and 
discharge  current  needed  further  study.  In  this  work  the  visible,  ultraviolet,  and  vacuum  ultra¬ 
violet  (VUV)  emission  spectra  resulting  from  the  excitation  of  the  gas  in  the  pulsed  nozzle  as 
well  as  from  the  sputtered  material  from  the  nozzle  itself  are  investigated. 

In  addition  to  these  spectroscopic  studies,  fluorine  component  gases  such  as  NF^  have 
been  used  in  the  discharge  in  order  to  etch  silicon.  The  results  may  have  applications  to 
micromechanics  where  high  etch  rates  are  necessary  to  produce  relatively  large  but  deep  feature 
sizes  (-10-100  nm)  in  contrast  to  microelectronics  where  small  feature  sizes  (<  1  ^im)  are 
required  at  relatively  shallow  depths. 
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n.  Description  of  Discharge  Apparatus 

A  schematic  of  the  pulsed  jet  discharge  system  is  shown  in  Figure  1.  A  pulsed  valve  (Gen¬ 
eral  Valve)  is  located  on  top  of  the  nozzle  assembly  and  sends  a  short  (»1  ms)  pulse  of  gas 
through  the  orifice  of  the  nozzle  into  the  vacuum  chamber.  While  the  gas  expands  through  the 
nozzle,  a  discharge  through  the  nozzle  towards  the  grounded  grid  is  initiated.  The  back  pressure 
on  the  valve  is  maintained  at  about  3  atm.  The  gases  studied  included  He,  N2,  Ne ,  Ar,  Kr, 
Xe ,  NFj ,  and  SF^ .  A  turbo  pump  backed  by  a  rotary  vane  roughing  pump  restores  the  back¬ 
ground  pressure  in  the  cell  to  a  few  times  10“^  Torr  between  pulses  when  the  discharge  is 
operated  at  low  repetition  rates  (1-2  Hz).  The  tungsten  '*''*ctrode  is  situated  about  1.5  mm 
above  the  nozzle  orifice,  and  a  stainless  st^el  ire  mesh  located  1.5  cm  below  the  orifice  serves 
as  the  ground  plane. 

The  high  voltage  discharge  circuit  is  shown  in  Figure  2.  The  maximum  voltage  from  the 
power  supply  is  20  KV.  The  capacitance  of  the  charging  capacitor  (Cl)  is  5.6  nF,  and  that  of 
the  peaking  capacitor  (C2)  is  4.2  nF.  With  a  thyratron  (EG&G  HY-3202)  serving  as  the  high 
voltage  switch,  the  current  pulse,  measured  by  a  commercial  current  transformer,  has  a  FWHM 
of  about  100  ns,  with  some  ringing  out  to  about  1  ps.  At  15  KV  charging  voltage,  the  peak 
current  is  1.8  KA.  Fora  500  pm  diameter  orifice,  this  peak  current  corresponds  to  an  average 
current  density  of  0.9  MA/cm^  inside  the  orifice.  The  trigger  output  of  the  pulsed  valve  is  used 
as  the  master  clock,  but  a  trigger  delay  of  about  1  ms  for  the  thyratron  is  requited  for  a  stable 
discharge;  i.e.,  the  discharge  is  initiated  about  1  ms  after  the  beginning  of  the  jet  expansion. 

Figure  3  shows  typical  voltage  and  current  waveforms.  Because  of  the  finite  inductance  of 
the  electrode,  the  voltage  peaks  approximately  80  ns  before  the  current  Assuming  the  value  of 
the  peaking  capacitor  (4.2  nF)  is  fixed,  the  ringing  period  of  the  current  indicates  that  the  indue- 
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tance  of  the  discharge  is  about  290  nF.  The  decay  of  the  current  ringing  reveals  that  the  resis¬ 
tance  of  the  discharge  reaches  a  value  of  approximately  3-4  Q.  Integration  of  the  power  calcu¬ 
lated  using  these  waveforms  gives  an  estimate  of  the  energy  delivered  to  the  discharge  of  about 
200mJ  during  the  initial  current  pulse.  The  small  bump  in  the  decay  of  the  initial  current  pulse 
(at  -250  ns  on  Fig.  3)  is  apparently  due  to  a  surge  of  current  from  the  outer  circuit  loop  which 
includes  the  storage  capacitor  and  the  thyratron. 

At  higher  charging  voltages,  there  seems  to  be  significant  energy  dissipated  during  the  ring¬ 
ing  period  of  the  discharge.  From  the  current  and  voltage  waveforms,  it  can  be  seen  that  there  is 
a  secondary  peak  of  energy  dissipation  approximately  2(X)  ns  after  the  initial  peak,  with  addi¬ 
tional  peaks  occuring  with  a  period  of  roughly  100  ns.  This  feature  can  also  be  seen  in  the  tem¬ 
poral  behavior  of  the  fluorescence.  Figure  4  shows  traces  of  the  temporal  response  of  the  207 
nm  emission  from  Si  //,  which  is  very  bright  in  spectra  taken  with  a  Macor  or  glass  nozzle  using 
heavy  gases  in  the  pulsed  jet.  At  a  discharge  voltage  of  15  KV(a),  the  signal  decays  after  about 
100  ns,  corresponding  to  the  decay  of  the  initial  peak  of  the  discharge  current.  At  20  KV(b), 
however,  the  intensity  becomes  very  broad  in  time  and  shows  a  pronounced  periodic  structure  in 
its  decay.  When  the  transit  time  of  the  photomultiplier  (-30  ns)  is  taken  into  account,  the 
second  fluorescence  peak  is  delayed  about  200  ns  from  the  initial  peak  of  the  discharge,  and  the 
period  of  the  later  fluorescence  peaks  at  about  80-100  ns,  which  is  in  good  agreement  with  the 
analysis  of  the  voltage  and  current  waveforms. 

The  nozzle  assembly  is  designed  so  that  the  nozzle  is  interchangeable,  and  therefore,  a 
variety  of  orifice  diameters  and  nozzle  materials  can  be  studied.  Discharge  operation  with  noz¬ 
zle  orifices  ranging  from  250  to  500  pm  in  diameter  has  been  characterized.  Materials  used  for 
the  nozzles  include  Macor,  (a  machinable  ceramic),  sapphire,  glass,  carbon,  Delrin,  and  PVC. 
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The  nozzles  are  designed  to  give  a  supersonic  expansion  and  to  optimize  the  production  and 
cooling  of  molecular  radicals  and  ions[Sl.  All  of  the  nozzles  made  from  machinable  materials 
and  the  sapphire  nozzles  have  a  45°  half  angle  above  the  nozzle  orifice  on  the  high  pressure 
side,  and  a  90°  half  angle  on  the  vacuum  side.  The  glass  nozzles  are  made  from  glass  tubing 
which  is  heated  and  tapered  at  approximately  a  45°  half  angle  until  the  orifice  is  about  500  ^m. 
Photographs  of  the  discharge  indicate  the  presence  of  a  Mach  disk  about  1  cm  below  the  nozzle. 

Spectroscopic  studies  were  performed  with  a  scanning  0.2  m  VUV  spectrometer  (Acton 
Research  Corp.)  using  a  photomultiplier  with  a  scintillator  as  the  detector  with  a  temporal  reso¬ 
lution  of  -10  ns.  The  spectral  resolution  of  the  system  was  approximately  5  A  .  The  optical 
axis  of  the  spectrometer  was  aligned  to  be  approximately  2  mm  below  the  nozzle  orifice, 
corresponding  to  the  point  of  brightest  VUV  fluorescence.  This  was  determined  experimen¬ 
tally  by  measuring  the  fluorescence  intensity  of  several  bright  VUV  lines  as  a  function  of  the 
distance  from  the  nozzle,  with  1  mm  resolution  using  a  movable  slit.  The  signal  was  averaged 
with  a  boxcar  integrator,  and  the  data  were  stored  and  processed  in  a  computer.  Temporal 
waveforms  were  obtained  with  a  400  MHz  bandwidth  oscilloscope. 

ni.  Spectroscopic  Results 

The  emission  spectra  from  the  pulsed  jet  discharge  were  studied  in  the  wavelength  range 
between  35  nm  and  550  nm  using  different  gas  species  in  the  pulsed  jet  and  a  variety  of  nozzle 
materials.  All  of  the  spectra  presented  here  have  not  been  corrected  for  the  spectral  response  of 
the  detection  system.  With  lighter  gases  such  as  He ,  spectra  dominated  by  emission  from  the 
gas  species  in  the  pulsed  jet  were  obtained.  An  example  of  a  spectrum  obtained  with  He  and  a 
nozzle  made  of  Macor  is  shown  in  Figure  5.  All  of  the  bright  emission  lines  can  be  assigned  to 
excited  helium  atoms  and  ions.  To  obtain  this  spectrum,  the  gate  on  the  boxcar  was  set  to  a 
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width  of  75  ns  and  was  delayed  250  ns  after  the  peak  of  the  current  pulse.  This  time  window 
for  observation  was  chosen  because  the  spectra  measured  at  various  time  delays  indicated  that 
many  spectral  lines  were  more  prominent  during  this  interval. 

Using  Ar  and  other  heavier  gases  in  the  pulsed  nozzle,  however,  the  spectra  obtained  are 
quite  different.  While  the  visible  spectrum  obtained  with  Ar  is  dominated  by  lines  from  Ar  II 
and  Ar  III ,  the  VUV  spectrum  is  dominated  by  lines  from  the  sputtered  nozzle  material.  Fig¬ 
ure  6  shows  the  VUV  spectrum  obtained  using  Ar  with  a  sapphire  nozzle.  The  time  interval 
for  observation  is  identical  to  that  used  for  the  He  spectrum.  The  dominant  features  are  alumi¬ 
num  and  oxygen  lines  originating  from  the  sputtering  of  the  sapphire  (A/2O3)  nozzle. 
Sputtering  is  due  to  the  effective  momentum  transfer  from  the  gas  ions  to  the  nozzle  material. 
Typical  ion  kinetic  energies  inside  the  nozzle  can  be  estimated  to  be  10  eV  to  several  hundred 
eV.  In  this  energy  range  efficient  sputtering  of  the  nozzle  material  by  heavier  rare  gases  is 
expected,  whereas  the  sputtering  efficiency  of  He  is  low[8]. 

To  demonstrate  that  these  spectral  features  are  indeed  almost  independent  of  the  gas 
medium.  Figure  7  compares  a  spectrum  obtained  with  Kr  in  the  pulsed  jet  discharge  and  a 
spectrum  obtained  using  Ar.  Both  spectra  were  obtained  under  identical  conditions  using  the 
same  nozzle  with  a  300  ns  wide  gate  delayed  200  ns  from  the  peak  of  the  current  pulse.  The 
more  intense  spectrum  using  Kr  was  taken  first,  and  then  the  Ar  spectrum.  The  intensity  of 
the  spectral  features  which  are  due  to  emission  from  the  nozzle  material  tends  to  weaken  the 
longer  the  nozzle  is  used  due  to  the  widening  of  the  orifice  by  the  discharge.  Also,  the  sputter¬ 
ing  efficiency  of  Kr  is  higher  than  for  Ar  due  to  their  mass  difference.  The  striking  similarity 
between  both  spectra  and  the  fact  that  all  prominent  features  can  be  assigned  to  emission  from 
aluminum  shows  that  consideration  of  the  nozzle  material  is  indeed  crucial  for  the  interpretation 
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of  optical  spectra  from  intense  pulsed  jet  discharges. 

When  Macor  is  used  as  the  nozzle  material,  the  VUV  spectra  with  the  heavier  gases  arc 
dominated  with  Si  and  Al  lines.  An  example  with  Ar  as  the  gas  species  is  shown  in  Fig¬ 
ure  8.  The  time  interval  for  observation  is  again  identical  to  that  of  the  He  spectrum  in  Figure 
5.  Macor  has  a  complicated  chemical  composition,  but  some  of  the  major  constituents  are  S/O2 
(46%)  and  A/2  03  (16%).  Spectra  obtained  with  glass  nozzles  show  many  of  the  same  Si 
lines.  Spectra  taken  with  carbon,  PVC,  or  Delrin  nozzles  exhibit  strong  carbon  lines. 

The  high  degree  of  excitation  and  ionization  apparent  in  all  of  the  spectra  is  a  result  of  the 
initial  confinement  of  the  discharge  to  the  small  orifice  allowing  very  high  current  densities 
( - 1  MA/cm^ )  to  be  achieved.  Some  of  the  spectral  lines  which  have  been  identified  as  arising 
from  the  sputtering  of  the  nozzle  material  indicate  the  formation  of  states  as  much  as  45  eV 
above  the  ground  state  of  the  neutral  species.  Such  pulsed  jet  discharges  could  therefore  have 
applications  in  spectroscopic  studies  of  highly  excited  states  of  materials  that  are  difficult  to  eva¬ 
porate,  or  in  the  development  of  incoherent  VUV  light  sources  for  other  spectroscopic 
investigations. 

In  Ref.  1,  emission  from  the  excimer  Ar^  around  126  nm  was  reported  using  a  pulsed  jet 
discharge  with  similar  discharge  parameters.  In  the  woric  reported  here,  the  region  around  126 
nm  was  extensively  studied  with  various  nozzles  and  at  various  discharge  voltages,  but  no  evi¬ 
dence  of  emission  from  Ar^  was  detected.  Searches  for  other  excimer  emissions  -  such  as 
Hel ,  Kr^ ,  ArF ,  KrF ,  and  XeF  ■■  were  also  performed,  but  no  emission  from  these  species  in 
such  a  high  current  pulsed  jet  discharge  was  observed. 
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IV.  Plasma  Etching 

Increased  interest  in  micromechanics  has  created  the  need  for  faster  etching  mechanisms 
for  a  variety  of  materials.  Recent  work  with  continuous  microwave  discharges  using  a  halogen 
containing  gas  has  demonstrated  a  very  high  etching  rate  of  silicon  [9].  However,  the  limitations 
on  the  design  of  the  nozzles  for  microwave  discharges  because  of  the  need  for  impedence  match¬ 
ing  warrants  exploration  of  other  types  of  discharges  which  are  more  flexible  in  their  design 
parameters  to  see  if  similar  etch  rates  can  be  obtained.  Chemical  wet  etching  is  either  slow 
(typically  about  1  jim/min)  and/or  has  problems  with  masking,  since  the  mask  is  also  etched 
[10].  Dry  etching  processes  are  often  slower  (0.1  |im/min)  and  rarely  exceed  10  |jm/min  [9]. 
The  ability  of  the  pulsed  jet  discharge  to  create  highly  ionized  species  motivated  the  study  of  its 
feasibility  as  a  high  etch  rate  mechanism  when  used  in  conjunction  with  a  halogen  containing 
gas. 

Figure  9  shows  the  configuration  used  for  etching.  A  stainless  steel  wire  mesh  was  used  as 
a  test  mask.  The  wire  mesh  was  laid  on  top  of  the  silicon  wafer  and  mechanically  held  in  place. 
The  wafer  was  about  2  mm  below  the  nozzle  orifice.  A  discharge  voltage  of  10  KV  was  used 
as  a  compromise  between  etching  speed  and  sharpness  of  the  etching  pattern.  With  lower  vol¬ 
tages,  the  etching  rate  was  slower,  and  at  voltage  of  less  than  8  KV,  the  discharge  was  not  stable 
when  using  NF^ ,  as  the  gas  species  in  the  pulsed  jet.  At  higher  voltages,  although  the  etch  rate 
was  somewhat  larger,  the  etched  pattern  was  less  clear  and  some  melting  of  the  wire  mesh 
occurred.  The  cleanest  etching  was  observed  using  a  sapphire  nozzle,  since  this  material  was  the 
most  resistant  against  sputtering. 

Scanning  electron  micrographs  of  an  etched  sample  are  shown  in  Figure  10.  The  distance 
between  the  wires  of  the  mesh  was  about  35  p.m  in  this  case.  Optical  microscopy  indicated  that 
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the  etched  features  were  about  50  ^im  deep  at  the  deepest  point  Although  further  optimization 
of  the  discharge  parameters  will  be  necessary  to  obtain  sharper  features,  it  is  encouraging  that  by 
optimizing  only  two  parameters,  the  discharge  voltage  and  the  distance  between  the  nozzle  and 
the  wafer,  the  wire  mesh  pattern  could  be  replicated  in  the  etched  wafer. 

Both  NF2  and  SF^  were  used  as  the  gas  species  for  etching.  Better  results  were  obtained 
with  NF2,  possibly  because  the  electron  temperature  is  high  enough  that  the  dissociative  attach¬ 
ment  coefficient  of  NF2  to  form  F~  exceeds  that  of  SF^  [11],  If  Ar  instead  of  a  halogen 
containing  gas  was  used  in  the  pulsed  jet  discharge,  there  was  no  observable  etching;  therefore, 
the  etching  is  primarily  chemical  and  not  mechanical  or  thermal.  The  system  was  operated  at 
50  Hz,  limited  only  by  problems  of  heat  dissipation  in  the  nozzle.  Figure  1 1  shows  the  average 
of  the  deepest  etch  depth  of  several  experiments  as  a  function  of  the  time  with  the  discharge  sys¬ 
tem  operating  at  50  Hz  with  a  voltage  of  10  KV.  A  least  squares  fit  indicates  an  etch  rate  of 
approximately  12  [im/min.  With  further  improvements  to  the  construction  of  the  nozzles,  so 
that  the  heat  dissipation  can  be  increased,  it  is  anticipated  the  repetition  rate  of  the  discharge 
could  be  increased  to  further  improve  the  etch  rate  to  approximately  100  pm/min  as  reported  in 
Ref.  [9]. 

V.  Conclusion 

The  characterization  of  a  pulsed  jet  discharge  has  been  performed  and  possible  applications 
to  VUV  spectroscopy  and  micromechanics  were  explored. 

The  applications  to  VUV  spectroscopy  include  the  study  of  very  highly  excited  states  of 
atoms  and  ions  of  low  vapor  pressure  materials  such  as  Al  and  Si .  These  species  are  pro¬ 
duced  by  the  sputtering  of  the  nozzle  material  in  the  high  energy  region  of  the  nozzle  orifice 
when  heavy  gases  such  as  Ar  or  Kr  are  used. 
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The  feasibility  of  using  a  pulsed  jet  discharge  in  conjunction  with  a  halogen  containing  gas 
as  a  high  etch  rate  mechanism  for  silicon  has  also  been  demonstrated.  Etch  rates  of  about  12 
li.m/min  have  been  achieved  using  NF^. 
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Figure  Captions: 

Figure  1:  Schematic  of  the  pulsed  jet  discharge  and  the  VUV  detection  apparatus. 

Figure  2:  Schematic  of  the  high  voltage  circuit. 

Figure  3:  Discharge  voltage  and  current  waveforms. 

Figure  4:  Traces  of  the  temporal  behavior  of  the  intensity  of  the  207  nm  emission  of  Si  II  at 
(a)  15  KV  and  (b)  20  KV. 

Figures.'  Emission  spectrum  at  15  KV  charging  voltage,  taken  250  ns  after  the  peak  of  the 
current  pulse,  with  He  as  the  gas  species  and  using  a  Macor  nozzle. 

Figure  6:  Emission  spectrum  at  17.5  KV  charging  voltage,  taken  250  ns  after  the  peak  of  the 
current  pulse,  with  Ar  as  the  gas  species  and  using  a  sapphire  nozzle. 

Figure  7;  Comparison  of  the  emission  spectra  using  a  sapphire  nozzle  with  Kr  and  Ar  as  the 
gas  species.  Both  spectra  were  taken  under  identical  conditions  with  the  gate 
delayed  200  ns  after  the  peak  of  the  current  pulse. 

Figure  8:  Emission  spectrum  at  15  KV  charging  voltage,  taken  250  ns  after  the  peak  of  the 
current  pulse,  with  Ar  as  the  gas  species  and  using  a  Macor  nozzle. 

Figure  9:  Schematic  of  the  pulsed  jet  discharge  when  used  for  plasma  etching. 

Figure  10:  Scanning  electron  micrographs  of  an  etched  silicon  wafer,  (a)  View  of  the  entire 
etched  area,  approximately  1/8"  in  diameter,  (b)  Detail  of  same  wafer.  The  dis¬ 
tance  between  the  wires  was  approximately  35  pm.  The  depth  at  the  deepest  etch 
point  was  about  50  pm. 

Figure  II:  Average  over  several  runs  of  the  deepest  etch  depth  in  a  silicon  wafer  vs.  the  time 
the  system  was  operated  at  50  Hz.  /VF3  was  used  as  the  gas,  and  the  discharge  was 
operated  at  10  KV. 
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